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The s-wave neutron fraction of the 0 + levels in 12 Be has been investigated for the first time through the 11 Be(d, p) transfer reaction using a 5 A MeV 11 Be beam at TRIUMF, Canada. The reaction populated all the known bound states of 12 Be. The ground state s-wave spectroscopic factor was determined to be 0.28 −0.40 . This observation, together with the smaller effective separation energy indicates enhanced probability for an extended density tail beyond the 10 Be core for the 0 shown a two-neutron halo structure, such as in 11 Li [1] . The existence of such a structure in a non-Borromean nucleus is not yet established and investigating this in 12 Be is of particular interest. The disappearance of the conventional N = 8 magic number in 12 Be is suggested from the lowering of the 2 + 1 state [2] . This is associated with the 2s 1/2 and 1d 5/2 orbitals intruding into the p-shell. 11 Be is known to be a one-neutron halo with the neutron dominantly occupying the 2s 1/2 orbital with spectroscopic factor S ∼ 0.74 in agreement with the one-neutron removal cross-section [3] . This is also in agreement with the observations from transfer reactions [4] [5] [6] .
The one-neutron separation energy (S n ) of 12 Be is 3169 (16) keV, while that of 11 Be is 504(6) keV [7] , and 11 Li has a two-neutron separation energy of 369.15(65) keV [8] . An important question is how the increase in neutron separation energy due to pairing influences the neutron distribution in the 2s 1/2 orbital. Here we report the first measurement that determines the swave neutron occupancy of the 0 + bound states in 12 12 Be was observed at 2.11(2) MeV through inelastic scattering [2, 9] and heavy ion transfer [10] .
A state at 2.68(3) MeV, was interpreted as an l = 1 excitation [9, 12] which is considered to be the same state as observed in the 10 Be(t, p) 12 Be reaction at 2.73(3) MeV [11] . Recently, a long-lived 0 + state at 2.24(2) MeV [13] was populated in the production of a 12 Be secondary beam. The mean lifetime of the state was determined to be 331(12) ns [14] . The presence of this state makes it important to investigate the s-wave configuration in the two bound 0 + levels of 12 Be.
The spectroscopic factor (S) for the 11 Be gs + n(2s 1/2 ) configuration in 12 Be gs was found to be 0.42 ± 0.06 from a one-neutron removal reaction [15] . This is smaller than the 2s 1/2 component in 11 Be as expected due to larger neutron separation energy. The 12 Be gs has p-wave and d-wave spectroscopic factors of 0.37 ± 0.06 [15] and 0.48 ± 0.06 [16] , respectively. The small s-wave probability in 12 Be makes it necessary to explore whether any of the bound excited levels have a 11 Be gs + n(2s 11, 12 Be based on a deformed potential [19] consider the ground state and the 0 10 Be + n + n 1 This value is considering the s 2 wavefunction probability to be 0.27 instead of 0.17 which is likely a misprint in [18] because it does not lead to a total probability of unity. three-body structure model discussed the second 0 + excited state to have two neutrons in the 1p 1/2 orbital [20] . No experimental information exists on the detailed configuration of the excited states in 12 Be.
The experiment was performed at the ISAC-II facility, TRIUMF, Canada. The radioactive 11 Be beam was extracted from the TRILIS laser ion source [21] , and accelerated to 5 A MeV by the ISAC-I room-temperature RFQ and DTL [22] accelerators, followed by the new ISAC-II superconducting linear accelerator. The uncertainty in the average beam energy was < 10 A keV. An accelerated beam intensity of typically 10 5 ions/s was delivered to a 40 μg/cm 2 self supporting (CD 2 ) n reaction target whose thickness was measured from energy-loss using a standard alpha source. The beam spot size at the target was < 3 mm in diameter.
A 140 μm thick annular S3 type double-sided silicon strip detector detected the protons in the backward direction covering laboratory angles of 130 • -160 • . The 24 ring segments of the detector defined the scattering angle. The reverse side of the detector is segmented azimuthally into 32 sectors. The scattered 12 Be along with 11 Be from elastic scattering were detected in another annular silicon detector placed 75 cm downstream of the reaction target with laboratory angular coverage of 0.8 • -2.7
• . This coverage ensured detection of the protons and 12 Be nuclei in coincidence.
The coincident detection suppressed nearly all the background events making it possible to identify the kinematic loci for the 11 Be(d, p) 12 Be reaction through proton energy and angle correlations (Fig. 1a) . The coincidence efficiency was determined from a Monte Carlo simulation and the region with efficiency 70% is shown in Fig. 3 .
The Q-value spectrum constructed from the energy and angle of the detected protons is shown in Fig. 1b integrated over the full angular range. The kinematic curves and Q-value peaks labeled as (1), (2), (3) in Figs. 1a and 1b correspond to the 12 Be gs , a doublet consisting of the 2 + and 0 + 2 excited states and the 1 − excited state respectively. The Q-value resolution on an average was around 65 keV (σ ) observed for the 12 Be gs peak at a fixed θ cm bin. The detailed resolution for each angle bin is shown in Fig. 2 .
The width (σ ) of the Q-value peak, for the different states obtained from a single Gaussian fit to each peak is shown in Fig. 2 . The centroid, width and amplitude of the Gaussian were free parameters in the fit. The widths of the 12 Be gs and the 1 − state are found to be similar to each other. However, the second Q-value peak (2) is much wider than the ground state peak for θ cm = 10 • -13 • , indicating that this peak is a mixture of two states. The different distribution of the widths over angles from that of other states, suggests the admixture of different angular momentum transitions. This clearly shows that the second peak (2) is not a pure 2 + state or a pure 0 at θ cm = 15 • is at the limit of detection in excitation energy and therefore has a lower efficiency for the higher excitation energy (i.e. smaller Q-value) direction of the peak, which probably leads to its smaller observed width. We clarify here that the Q-value peaks shown in Fig. 1b are angle integrated and their widths contain combined effects of varying resolutions for different strips in the detector and small shifts in centroids with angles. The maximum shift in centroid is ∼ 50 keV. Therefore, the overall width of the peak (2) in Fig. 1b though slightly larger than the ground state is not an accurate way to view the presence of a doublet; rather the presence is more clearly indicated in the peaks widths of individual angle spectra shown in Fig. 2 . The simulated open diamond points (Fig. 2) are shown with the spectroscopic factors for the best fit to the angular distribution in Fig. 3b (0.10(2 + ) + 0.73(0
The open square points (Fig. 2) use the spectroscopic factor from the upper-error bar for (2 + ) and lower-error bar for (0 + 2 ) obtained from the chisquare fit to the angular distribution in Fig. 3b .
The intensity of the 11 Be beam was determined in two ways throughout the experiment. The beam passing through the hole in the annular silicon detector was stopped and counted using a 30 mm × 30 mm YAP:Ce radiation hard inorganic scintillator. In addition, the Rutherford scattering from carbon in the target provided an independent measure of the beam intensity. The two methods were in agreement which adds further support to the target thickness being used in the experiment. The deuteron component in the target relative to carbon is fixed by the chemical composition of the (CD 2 ) n material. The uncertainty in the beam intensity was considered to be 5%. The differential cross-section as a function of center of mass scattering angle (Fig. 3) was obtained by selecting the respective Q-value peak. The small background under the peak was estimated using a linear shape for the background and a Gaussian shape for the peak. The error bars shown in Fig. 3 are the statistical errors. The systematic error includes an overall 10% uncertainty due the target thickness, and angle dependent uncertainties due to the coincidence efficiency that range from 1%-10%.
Obeying the selection rules, the 11 Be(d, p) reaction can populate the 0 + states in 12 Be only if the transferred neutron occupies the 2s 1/2 orbital. The population of the 2 + and 1 − states are pos- To extract the spectroscopic strength the experimental angular distributions were compared to finite range distorted wave Born approximation (DWBA) calculations using the code DWUCK5 [23] . The entrance and exit channel optical potentials were based on global parametrizations (Set1) of deuteron-nucleus [24] and proton-nucleus [25] interactions. The interactions were of the Woods-Saxon form [23] 
Calculations using potential parameters (Set2) from 10 Be + d [4] and 12 C + p [26] are close to the results obtained with Set1 in our region of interest (Fig. 3) . The parameters are listed in Table 1 . 
where S d is considered to be 1.0 [23] . J i and J f are the spins of the initial and final nuclei. The solid line in Fig. 3a shows the DWBA result for the 12 Be gs .
The s-wave parentage extracted from a χ 2 minimization with both statistical and systematic errors is S = 0.28
−0.07 in the 68% confidence level (χ 2 min + 1). This is reduced compared to 11 Be showing the effect of pairing. This spectroscopic factor derived from the 11 Be(d, p) reaction is free from any influence of the 0 + 2 state. The present result is therefore an important finding that can provide some guidance to the theoretical models. state with the spectroscopic factor of 0.73-0.33, has the probability of 60%-27% of being found outside the 10 Be core radius of 3.3 fm, which is the point within which 90% of the core probability density is found. In comparison, the fraction of the s-wave component of the two-neutron density in the 12 Be gs outside the core is only 14%-20% for a spectroscopic factor of 0.21-0.31. This radial extent supports the indication of a halo-like structure in the 0 + 2 state. Further experimental and theoretical investigations to understand this in more details will be useful in future.
The normalization to the data shows an approximate spectroscopic factor of ∼ 0.35 for the state at 2.68 MeV (Fig. 3c ). This state being close to the threshold of detection we do not assign confidence bands. One cannot rule out the possibility of population of a higher 0 + state though, the shell model predictions suggest such a state to be located at much higher excitation energy. This cannot be confirmed at present since the level is close to the detection threshold. The nearly similar magnitudes of the cross-sections for the different states in 12 Be provides additional signature for the presence of intruder orbitals in them as confirmed through the swave component of the states this experiment. Energies and spectroscopic factors were calculated in the s-psd-pf model space with the WBP Hamiltonian [27] , which was designed for configurations confined to a fixed number of harmonic oscillator excitations. In this limit the 11 Be ground state has a 1hω configuration, and states in [28] . We choose psd = −1.85 MeV to give a ground state which is 32% N = 0 and 68% N = 2 (shell1 in Table 2 ) that was deduced from the 12 Be knockout experiment [15] . The resulting spectroscopic factors are given in Table 2 (S shell1 ). The WBP results should be regarded as an extrapolation from the (large) set of data (mostly for nuclei near stability) used to determine the WBP Hamiltonian [27] . We can expect uncertainties related to the gap-energy parameter as well as changes in the Hamiltonian for these nuclei being near the neutron drip line. A 12 Be ground state with 50% N = 0 and 50% N = 2 (shell2 in We mention here that the theoretical calculations presented in this Letter are only a first attempt to interpret the data. Further theoretical calculations would certainly be useful but these are beyond the scope of this Letter.
In summary, the first determination of the s-wave strength in 12 Be through the 11 Be(d, p) one-neutron transfer reaction at 5 A MeV is reported. Since the ground state of 11 Be has a spin of 1/2 + this reaction is selective to the s-wave neutron component in the 0 + levels. The nucleus 12 Be was populated in its ground state as well as the bound excited states. This experiment is the first clean extraction of 12 Be gs s-wave spectroscopic factor free from any influence of the 0 
